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MAGNETIC FIELD INDUCED SECOND 
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Magnetizing a material usually changes the original symmetry and leads to additional nonzero nonlinear 
optical coefficients, that should yield observable nonlinear effects. We have observed this on a number 
of magnetic systems, in particular on multilayers of magnetic and nonmagnetic materials. For the latter 
it can be shown that Second Harmonic Generation specifically probes the interface magnetic properties. 
PACS numbers: 78.20.Bz, 42,65.Ky, 75.70.Cn
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INTRODUCTION
The interaction of light with magnetically ordered materials is a fascinating subject 
from a fundamental point of view. But it also has important practical implications. 
Especially the discovery of high Tc materials and the recent developments in ma­
terials science, enabling the epitaxial growth of thin magnetic films and superlattices 
of magnetic and nonmagnetic materials have stimulated new theoretical and ex­
perimental research.
The possible appearance of magneto-electric phenomena in high Tc materials 
may lead the way to determine the type of pairing involved. Though this would 
also show up in the linear magneto-electric effect, the third rank tensor describing 
Second Harmonic Generation (SHG) would give rise to a much more detailed 
study and understanding.1 A  very good introduction to the linear and nonlinear 
optical effects in magneto-electrics is given by Pisarev.2
For magnetic multilayers, the nonlinear magneto-optical effect is of particular 
interest, as it provides a unique opportunity to study the magnetic properties of 
surfaces and interfaces. These can be totally different from that of bulk materials, 
like the Cr(OOl) surface, where experiment and theory indicate that the surface is 
ferromagnetic while the bulk is antiferromagnetic.3 The magnetic behavior of ul- 
trathin films and multilayers depends critically on the layer thickness as observed 
in very thin Fe films, where the direction of magnetization changes from in plane 
to perpendicular, and in Co/Cu/Co multilayers, where the magnetic coupling os­
cillates with the thickness of the Cu spacerlayer.
For these centrosynimetric systems, Second Harmonic Generation is sensitive to 
surfaces and interfaces. If SHG would also be dependent on magnetic order, it 
could be combined with the linear Kerr effect, that probes the bulk magnetic 
properties, leading to a simple all-optical probe of bulk and surface magnetic 
properties.
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Stimulated by theoretical work of Ru-Pin Pan et at.4 and Hiibner et al. ,5'6 we 
iiave investigated Magnetic field induced Second Harmonic Generation (MSHG) 
of several magnetic systems. The results show remarkably strong magnetic de­
pendence, that can indeed be attributed to surface and interface effects. Similar 
results were recently obtained by Reif et al?
THEORY
Second Harmonic Generation arises from the nonlinear polarization P(2io) induced 
by an incident laser field E(oj). This polarization can be written as an expansion 
in
p / ( 2 w )  =  Xi fk  +  ■■■ ( 1 )
The lowest order term describes an electric dipole source. Symmetry considerations 
show that these contributions are zero in a centrosymmetric medium, thus limiting 
electric dipole radiation to the interfaces, where inversion symmetry is broken. 
The bulk second harmonic can now be described in terms of the much smaller 
electric quadrupole like contributions (second term in Equation (1)). However 
because of the large volume difference between interface and bulk this does not 
necessarily mean that the total bulk second harmonic signal is negligible.
A magnetization M  does not break the inversion symmetry, because M  is an 
axial vector with even parity under inversion. Though it does not induce bulk dipole 
contributions, it does lower the symmetry of both bulk and surface, thus inducing 
extra nonzero tensor elements. Table I shows the nonvanishing surface dipole and 
bulk quadrupole tensor elements of an isotropic or fee magnetic crystal as derived 
from symmetry considerations.
We can distinguish two sets of elements, one even and one odd in M. The latter
TABLE I
Nonvanishing bulk quadrupole and surface dipole iensorefements of an isotropic or fee crystal 
with a magnetization. The £-axis is parallel to the surface normal
even in M od d  in  M
bulk x x x x = zzzz , x x y y —zzyy, xxz2 =z#xx> x x xz= -zzzx , x x zx —-zzxz, xyyz= -■zyyx,
xyxy = zy zy , x y y x = z y y z , xzxz= zxzx , xyzy=-zyxy> x zx x = -zx zz , x z y y = -zx.VY,
xzzx==zxxz, y x x y -y z z y , yxyx = y zy z , xzzz=>zxxx* yxyz=-yzyx> y x z y = -yaxy,
y y x x -y y z z , yyyy yyx  z = -y y zx
sm face x^iz—xzxj y y z= y zy , xxx , xyy, xzz,
M || y zxxj zyy, zzz y y x = y x y , zx z= zzx
surface x x z ^ x z x , yyz-yzy* x x y -x y x ,  yxx, yyy>
M || x zxx> zyy, zzz •< M II NJ <<
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are the most interesting ones, as they change sign when reversing M. For the dipole 
contributions of Equation (1) we can write the time dependence:
P m e ^  x f \ M ) : EEc ?imt (2)
In the absence of dissipation, time reversal symmetry (with M —> — M ) demands 
that the real part of ^ even and the imaginary part is odd in M. This means
that the terms that change sign when reversing the magnetic field are exactly 90° 
out of phase with the even terms.
EXPERIMENTS
For all experiments we used the frequency doubled output of a Q-switched seeded 
Nd-YAG laser at 532 nm, with a 8 ns pulse width and 30 Hz repetition rate. The 
applied magnetic field is in the plane of the sample and perpendicular to the plane 
of incidence. The fundamental beam was s  or p  polarized, and we study the p  
polarized second harmonic output (see Figure 1). The experiments were done under 
atmospheric conditions.
As a first example Figure 2 shows the MSIIG from the (100) surface of a 
Mn0 6Zn0 35Fe2.o504 crystal studied at an angle of incidence of 45° and sin-pout 
polarization combination. The results show a clear magnetic effect, of the order 
of 10%. Since the ferrite is not centrosymmetric the second harmonic signal most 
likely contains bulk contributions. We observe no remanent MSHG, which is con­
sistent with the fact that the ferrite is not ferromagnetic.
We have also studied thin films of Co and Au, evaporated at 2 A/s white the 
optical quality glass substrate was kept at room temperature. These systems are 
isotropic (i.e. centrosymmetric) on the scale of the laser beam diameter (60 mmz). 
For a system of 500 A Co covered with 50 A Au we observed a clear hysteresis 
loop,8 with a remanent MSHG that remained constant even after long periods of
FIGURE 1 The choice of the axis and the magnetization, relative to the plane of incidence.
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FIGURE 2 The second harmonic signal from the (100) surface of a Mnj[i6Zn0 35Fe3>05O4 crystal. 
The data are normalized for H  = 0, f : H  =  3 K Gauss upwards, 0: II  - : 0, I : _H ~ 3 K  Gauss 
downwards.
FIGURE 3 The second harmonic signals from samples A: 1 Co/Au-interface and B: 2 Co/Au-
interfaces. |  : Film saturated upwards, 4 : Film saturated downwards.
laser irradiation. Though this shows the applicability of MSHG to magnetic systems, 
the question remains whether the observed effects are of bulk or interface origin. 
To answer this question, we have studied samples with varying numbers of Co/Au 
interfaces.9,10 Figure 3 shows the results for systems A: glass -1- 500 Â Co + 50 Â  
Au (1 Co/Au interface) and B: glass + 500 Â Au + 50 Â  Co +  50 Â Au (2 Co/Au 
interfaces), studied at normal incidence and p ul-poin polarization combination. The 
relative magnetic effects are again very high, 30% and 20% for samples A and B, 
respectively. The mere fact that the total amounts of Co in samples A  and B are 
very different, while the induced magnetic effects are about the same, indicates 
that the MSHG signal is not bulk related. However the best proof of interface 
sensitivity is the inversion of the /(2c>, M f  ) and 7(2«, M i )  levels between the 
systems with one and two interfaces, which is clearly different from any Kerr 
rotation related effect from the bulk.
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The resuits can be understood by a model, assuming only interface contributions 
and taking into account multiple reflections at the various interfaces.10 By fitting 
our data to this model, also the relative phase between the odd and even contri­
butions is obtained. We find A<f> — 88°, in excellent agreement with the theoretically 
predicted 90°.
In order to get a better understanding of MSHG, we have recently started 
in situ experiments on epitaxially grown Co layers on a Cu substrate. Preliminary 
results show that the MSHG of these films is independent of the Co thickness, 
consistent with the fact that there is no bulk MSHG contribution.11
CONCLUSION
Magnetic induced Second Harmonic Generation has been shown to be a new and 
very promising tool to probe surface and interface magnetic properties. By using 
tunable lasers, nonlinear Kerr spectroscopy of magnetic interface states becomes 
within reach. Also, MSHG may be used to study the interfaces between ferro­
magnetic and ferro-electric materials, were magneto-electric effects may appear.
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